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INVESTIGATION OF SCENE I D E N T I F I C A T I O N  ALGORITHMS 

FOR RADIATION BUDGET MEASUREMENTS 

bY 

F. J. Diekmann 

George Washington Un ive rs i t y ,  Hampton, V i r g i n i a  

ARSTRACT 

The computat ion o f  Ea r th  r a d i a t i o n  budget f rom s a t e l l i t e  measurements 

requ i res  t h e  i d e n t i f i c a t i o n  o f  t h e  scene i n  o rde r  t o  s e l e c t  s p e c t r a l  f a c t o r s  

and b i d i r e c t i o n a l  models. I n  order  t o  eva lua te  t h e  e f f e c t s  o f  scene i d e n t i -  

f i c a t i o n  e r r o r s  on t h e  r e s u l t i n g  rad ian t  ex i tances ,  scene i d e n t i f i c a t i o n  

p r o b a b i l i t y  mat r ices ,  which quote t h e  p r o b a b i l i t y  t h a t  a scene which i s  i n  

t r u t h  t y p e  j i s  i d e n t i f i e d  as t y p e  i, a r e  needed. 

e m p i r i c a l  eva lua t i ons  o f  these matr ices by in te rcompar ing  p r e l i m i n a r y  r e s u l t s  

Th is  paper presents  

c-c.c * I .  . L ? ~ = - - A = - . -  T - - - ~ L L -  . ~ A L  _ _ _ _ _  7 ~ -  . . _ _ _ _  n i i i i n n  -I-&.. i r om the t K n C  S i ; ~ t !  iueriLi I I L ~ L I U I I  i i i y u r - ~ ~ i i i : ~  W I L I I  I - ~ S U I L S  u5; i iy  rrviinn uaLa. 

A scene i d e n t i f i c a t i o n  procedure i s  developed f o r  AVHRR SW and LW data 

by us ing  two r a d i a t i v e  t r a n s f e r  models. 

at tached t o  corresponding ERBE p i x e l s  and t h e  r e s u l t s  a re  so r ted  i n t o  scene 

These AVHRR GAC p i x e l s  a re  then 

i d e n t i f i c a t i o n  p r o b a b i l i t y  matr ices.  These scene in tercompar isons show 

t h a t  t h e r e  genera l l y  i s  a h igher  tendency f o r  underes t imat ion  o f  c loudiness 

over ocean a t  h i g h  c loud amounts, e.g. most ly  c loudy  i ns tead  of overcast  

p a r t l y  c loudy i ns tead  o f  most ly  cloudy, f o r  t h e  ERR€ r e l a t i v e  t o  t h e  AVHRR 

r e s u l t s .  Reasons f o r  t h i s  a re  explained. 

P r e l i m i n a r y  est imates o f  t he  e r ro rs  o f  ex i tances  due t o  scene m i s i d e n t i -  

f i c a t i o n  demonstrates t h e  h i g h  dependency on t h e  p r o b a b i l i t y  matr ices.  

Whi le t h e  longwave e r r o r  can genera l l y  be neglected t h e  shortwave dev ia t i ons  

have reached maximum values of more than 12 4, o f  t h e  respec t i ve  ex i tances.  

Numerical r e s u l t s  i n  t h i s  paper must be upgraded w i t h  t h e  f i n a l  ERRE data 

when they  become avai  1 ab1 e. 
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I. INTRODUCTION 

The Ear th  Rad ia t i on  Rudget Experiment (ERBE) i s  a major e f f o r t  i n  t h e  

understanding o f  t h e  E a r t h ' s  c l i m a t e  and i t s  v a r i a t i o n s  (Rarkstrom and 

Smith, 1986). With ERBE, as i n  any s a t e l l i t e  exper iment f o r  s tudy o f  Ea r th  

energy budget a t  medium s p a t i a l  scales, a scanning rad iometer  measures t h e  

rad iance i n  one d i r e c t i o n  due t o  t h e  upwe l l i ng  r e f l e c t e d  s o l a r  (shortwave) 

r a d i a t i o n  o r  t h e  Ear th  emi t ted  (longwave) r a d i a t i o n .  I n  o rde r  t o  compute 

t h e  r a d i a n t  ex i tance  i n  e i t h e r  o f  these ranges, i t  i s  necessary t o  account 

f o r  t h e  i s o t r o p y  o f  t h e  r a d i a t i o n ,  which i s  descr ibed hy a l imb-darkening 

f u n c t i o n  f o r  Ea r th  emi t ted  r a d i a t i o n  and a b i d i r e c t i o n a l  f u n c t i o n  f o r  

r e f l e c t e d  s o l a r  r a d i a t i o n .  Th is  approach was used f o r  t h e  Nimbus 2 and 

Nimbus 3 Medium Reso lu t ion  I n f r a r e d  Radiometer (Raschke and Randeen, 1970; 

Raschke e t  al., 19731, t h e  Nimbus 6 and 7 Ear th  Rad ia t i on  Rudget ( W .  L. 

Smith e t  al . ,  1978; Jacobowitz e t  al., 1984), and c u r r e n t l y  t h e  ERBE (G. L. 

Smith e t  al., 1986). 

incoming and e x i t i n g  rays,  and a l so  upon t h e  scene, by which we mean t h e  

These func t ions  depend upon t h e  d i r e c t i o n s  of t h e  

E a r t h ' s  sur face  and t h e  i n t e r v e n i n g  atmosphere. The scenes a r e  c l a s s i f i e d  

i n t o  a smal l  number o f  scene types. The computat ion o f  r a d i a n t  ex i tance  
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f rom t h e  rad iance measurement thus  requ i res  f i r s t  t h e  i d e n t i f i c a t i o n  o f  

t h e  scene as one of these types, and t h e  s e l e c t i o n  o f  t h e  cor respond ing  

b i d i r e c t i o n a l  and l imb-darken ing  func t i on .  Due t o  t h e  importance o f  these 

f u n c t i o n s ,  t h e i  r exper imental  de termina t ion  as was done by T a y l o r  and 

Stowe (1984) was one o f  t h e  major ob jec t i ves  o f  t h e  ERB experiment on t h e  

Nimbus 6 and 7 spacecraf t .  Furthermore, much computat ion has been done t o  

d e f i n e  these f u n c t i o n s  t h e o r e t i c a l l y ,  e.9. as by Stuhlmann e t  a l .  (1985). 

There i s  a second reason f o r  t h e  need f o r  scene i d e n t i f i c a t i o n  i n  t h e  

de te rm ina t ion  of Ea r th  r a d i a t i o n  budget. A scanning rad iometer  f o r  E a r t h  

r a d i a t i o n  budget i d e a l l y  measures the  broadband rad iance i n  t h e  shortwave 

and i n  t h e  longwave ranges. However, t h e  o p t i c s  o f  any r e a l  rad iometer  

w i l l  n o t  have t h e  i d e a l  s p e c t r a l  response across t h e  spectrum t o  as sharp 

c u t o f f ,  b u t  w i l l  have a more complex s p e c t r a l  response. For example, t h e  

s p e c t r a l  responses o f  t h e  t h r e e  channels o f  t h e  ERBE scanning rad iometer  

a r e  r a t h e r  compl icated f u n c t i o n s  o f  wavelength, as shown i n  F i g u r e  1. 

s p e c t r a l  responses o f  t h e  shortwave and longwave channels o f  t h e  ER8 scanning 

The 

radiometers aboard t h e  Nimbus 6 and 7 spacecra f t  a r e  e s s e n t i a l l y  t h e  same 

as these  of t h e  ERBE. For t h e  ERBE data ana lys i s ,  t h e  s p e c t r a l  responses 

~f the  channels are  accounted f o r  by i d e n t i f y i n g  the  scene, which i n  t u r n  

p rov ides  an approximat ion o f  t h e  incoming spectrum. From t h i s  i n f o r m a t i o n ,  

t h e  broadband radiances can be accu ra te l y  computed ( A v i s  e t  al. ,  1984). 

Because o f  t h e  importance o f  scene i d e n t i f i c a t i o n  i n  t h e  da ta  a n a l y s i s  

process, i t  i s  necessary t o  understand t h e  a l g o r i t h m  by which t h e  scene i s  

i d e n t i f i e d .  Th is  paper p resents  a study o f  t h e  ERBE scene i d e n t i f i c a t i o n  
8 

I %  

a l g o r i t h m  and he lps  t o  d e f i n e  i t s  s t rengths  and weaknesses. S i m i l a r  con- 

s i d e r a t i o n s  may be expected f o r  any r a d i a t i o n  budget measurements by sa t -  

e l l i t e .  The approach i n  t h i s  s tudy  i s  t o  use r a d i a t i v e  t r a n s f e r  t h e o r y  t o  
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e s t a b l i s h  a q u a n t i t a t i v e  understanding o f  t h e  va r ious  parameters of t h e  

problem. These t h e o r e t i c a l  r e s u l t s  a re  compared w i t h  s a t e l l i t e  da ta  as a 

t e s t  o f  t h i s  understanding w i t h  r e a l  data. 

The performance o f  a scene i d e n t i f i c a t i o n  a l g o r i t h m  i s  measured o b j e c t -  

i v e l y  by t h e  p r o b a b i l i t y  t h a t  a scene which i s  t y p e  i i s  computed t o  be 

t y p e  j. These p r o b a b i l i t i e s  f o r  a l l  combinat ions o f  i and j form a m a t r i x .  

Th is  scene i d e n t i f i c a t i o n  m a t r i x  i s  shown by Smith e t  a l .  (1984) t o  he 

impor tan t  i n  t h e  c a l c u l a t i o n  o f  e r r o r  p ropagat ion  and genera t ion  i n  t h e  

a n a l y s i s  o f  E a r t h  r a d i a t i o n  budget data. The present  paper p rov ides  scene 

i d e n t i f i c a t i o n  p r o b a b i l i t y  mat r ices  on t h e  b a s i s  o f  t h e  comparison o f  ERRE 

d e r i v e d  scenes compared w i t h  t h e  scenes as d e r i v e d  from AVHRR data. 

t h e  scene i d e n t i f i c a t i o n s  f rom t h e  AVHRR a re  themselves s u b j e c t  t o  e r r o r ,  

these p r o b a b i l i t i e s  a r e  n o t  w i t h  respect t o  abso lu te  t r u t h ,  b u t  w i t h  respec t  

t o  agreement o f  t h e  two algor i thms. Thus, as w i t h  any exper imen ta l l y  based 

q u a n t i t i e s ,  these ma t r i ces  a r e  approximations. However, t h e y  a r e  t h e  f i r s t  

a v a i l a b l e .  

e r r o r s  i n  shortwave and longwave rad ian t  ex i tances  which a r e  due t o  scene 

i d e n t i f i c a t i o n  e r r o r s  as measured by these scene i d e n t i f i c a t i o n  p r o b a b i l i t y  

mat r ices .  

sented . 

Because 

A s  such, t h e y  permi t  the  computation f o r  t h e  f i r s t  t i m e  o f  t h e  

P r e l i m i n a r y  r e s u l t s  f o r  these r a d i a n t  e x i t a n c e  e r r o r s  a r e  p re-  

Because t h e y  are  based on p r e l i m i n a r y  ERR€ da ta  tapes  which a re  i n  t h e  

process of be ing  rev ised,  a l l  r e s u l t s  i n  t h i s  paper a r e  p r e l i m i n a r y .  

a ma jo r  reason f o r  t h e  work i s  t o  p rov ide  i n fo rma t ion  concern ing  t h e  per-  

formance of t h e  ERBE scene i d e n t i f i c a t i o n  a l g o r i t h m  so as t o  pe rm i t  improve- 

ments t o  t h e  a l g o r i t h m  p r i o r  t o  f i n a l i z i n g  i t  f o r  p r o d u c t i o n  o f  v a l i d  ERBE 

data. For t h i s  reason, t h e  numerical r e s u l t s  i n  t h i s  paper must be upgraded 

w i t h  t h e  f i na l  ERBE data. 

Indeed, 
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11. APPROACH 

We beg in  w i t h  a rev iew o f  t h e  ERBE scene i d e n t i f i c a t i o n  a l g o r i t h m  and 

The basic requirements f o r  a s i m u l a t i o n  s tudy  i t s  r o l e  i n  da ta  ana lys is .  

o f  t h e  a l g c r i t h m  a r e  thus  de f ined,  and t h e  approach i s  designed. I n  o r d e r  

t o  study t h e  a p p l i c a t i o n  o f  t h e  a lgo r i t hm w i t h  r e a l  data,  AVHRR da ta  a r e  

used as " t ru th i '  aga ins t  which t h e  performance o f  t h e  ERRE i.s compared. 

A. n e s c r i p t i o n  --- o f  ERRE scene i d e n t i f i c a t i o n  a l g o r i t h m  

The da ta  f l o w  f o r  a n a l y s i s  o f  scanning rad iometer  da ta  i s  s e t  up as 

shown i n  F i g u r e  2. Using "g loba l  spec t ra l  f a c t o r s ,  approximate broadband 

shortwave and longwave radiances L a t  t h e  spacec ra f t  a r e  computed. 

scene i s  then i d e n t i f i e d  and t h e  appropr ia te  s p e c t r a l  f a c t o r s  a r e  de termin-  

ed f o r  t h e  f i n a l  c a l c u l a t i o n  o f  t h e  radiances. Also, a b i d i r e c t i o n a l  model 

- 

The 

R based on t h i s  scene t y p e  i s  used t o  account f o r  an i so t ropy  of t h e  r a d i a -  

t i o n  i n  t h e  es t ima te  o t  t h e  r a d i a n t  ex i tance  M f o r  t h e  p i x e i ,  i.e. t h e  f i e  

o f  v iew o f  a s i n g l e  measurement, by use o f  equat ion  - ( l ) :  

M = n L/R (1) 

The scene i d e n t i f i c a t i o n  procedure f o r  ERBE f i r s t  c l a s s i f i e s  t h e  under 

l y i n g  su r face  by i t s  geographic type  (qeotype):  land, ocean, snow, d e s e r t  

or land/ocean m ix  ( coas ta l  reg ions) .  The c loud  cover  i s  de f i ned  i n  terms 

o f  f ou r  c lasses :  c l e a r  ( l e s s  than 5% c l o u d  cover) ,  p a r t l y  c loudy (between 

5% and 50% c loud) ,  most ly  c loudy (between 50% and 95% c loud )  and overcas t  

(more than 95% c loudy) .  

The c loud  c l a s s  f o r  a g iven measurement p a i r  (shortwave and longwave 

ci 

rad iances)  i s  se lec ted  accord ing  t o  t h e  measurement p a i r  i n  a manner s i m i l a r  

t o  a t h r e s h o l d  method, bu t  mod i f i ed  t o  account f o r  t h e  var iance assoc ia ted  

w i t h  each c lass ,  as  i l l u s t r a t e d  i n  F igure  3. 

measurement p a i r s  w i t h i n  each c lass ,  as represented by t h e  l i g h t  l i n e s .  

There i s  a d i s t r i b u t i o n  of 

The 
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shortwave-longwave p lane i s  p a r t i t i o n e d  i n t o  reg ions  accord ing  t o  which i s  

t h e  most probable scene i d e n t i f i c a t i o n  f o r  t h e  measurement p a i r .  The bound- 

a r i e s  o f  these reg ions  are  i n d i c a t e d  by t h e  heavy s o l i d  l i n e s  i n  F i g u r e  3. 

Thus, if a measurement p a i r  f a l l s  w i t h i n  reg ion  I, given t h a t  t h e  su r face  

i s  ocean, i t  i s  i d e n t i f i e d  as " c l e a r  ocean". Fo r  n i g h t t i m e  scene i d e n t i f i -  

ca t i on ,  t h e  c loud c l a s s  assignment i s  made accord ing  t o  t h e  longwave r a d i -  

ance only ,  i n  a manner analogous t o  the  dayt ime case. 

- R. S imula t ion  approach 

I t  i s  seen t h a t  t h e  ERRE scene i d e n t i f i c a t i o n  a l g o r i t h m  i s  a b i s p e c t r a l  

technique us ing  SW and LV measurements, I n  o rde r  t o  s imu la te  t h e  opera t i on  

o f  t h e  scene i d e n t i f i c a t i o n  a lgo r i t hm f o r  a g iven  scene, i t  i s  necessary t o  

compute t h e  SW and LW measurements f o r  t h e  scene. The measurement f o r  a 

rad iometer  channel i s  g iven  by 
a0 

mc = SAc L, dX 
0 

where SAc i s  t h e  s p e c t r a l  response o f  channel c. 

i a t i v e  t r a n s f e r  t heo ry  i s  used t o  compute s p e c t r a l  rad iances f o r  a v a r i e t y  

In t h i s  paper, rad- 

o f  scenes, and t h e  r e s u l t i n g  measurements w i l l  be computed f o r  t h e  ERRE 

scanning rad iometer  channels and f o r  t h e  AVHRR channels us ing  equat ion  (2 ) .  

model atmospheres and surfaces. In order  t o  avo id  excess ive computat ional  

requirements,  a two stream approximat ion i s  used t o  compute t h e  shortwave 

s p e c t r a l  r a d i a n t  ex i tances.  The spec t ra l  rad iances a r e  then c a l c u l a t e d  by 

use of spec t ra l  b i d i r e c t i o n a l  models R X  which were computed by Stuhlmann 

e t  a1 . (1985) and s to red  on tape. These SW and LW spec t ra l  radiances 

c o n s t i t u t e  t h e  Level  I data. The measurements were then computed f o r  a 

g iven rad iometer  channel by use o f  these s p e c t r a l  radiances and i t s  s p e c t r a l  

response i n  equat ion (2 ) ,  and make up t h e  Level  I1 data. F i n a l l y ,  t h e  means, 
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var iances  and c o r r e l a t i o n  c o e f f i c i e n t s  a r e  computed f o r  t h i s  s e t  o f  SW and 

LW measurements. These s t a t i s t i c s  a r e  t h e  Leve l  I 1 1  d a t a  s e t ,  which i s  r e -  

q u i  r e d  f o r  t h e  scene i d e n t i f i c a t i o n  a l g o r i t h m .  

and sur faces  f o r  t h e  rad iance c a l c u l a t i o n s  were n o t  s t a t i s t i c a l l y  d i s t r i b u t e d ,  

t h i s  procedure a l s o  does n o t  y i e l d  a s t a t i s t i c a l l y  v a l i d  d i s t r i b u t i o n  o f  

scenes and t h e i r  var iances,  which would be des i reab le .  However, i t  does 

p r o v i d e  reasonable numbers f o r  t h e  shortwave and longwave means, t h e i r  v a r -  

iances  and c o r r e l a t i o n s ,  which are needed f o r  t h e  scene i d e n t i f i c a t i o n  a l -  

gor i thm.  The reasonableness o f  the  approach i s  demonstrated by comparison 

o f  t h e  Leve l  I 1 1  r e s u l t s  w i t h  ERBE and AVHRR measurements. The AVHRR meas- 

urements a r e  f rom t h e  V5 tape, which i s  an ERBE produced magnet ic t a p e  f o r  

v a l i d a t i o n .  

AVHRR ins t ruments  on board t h e  NOAA 9 spacecra f t .  

t r u t h  s e t  f o r  comparison w i t h  t h e  ERBE scene i d e n t i f i c a t i o n s ,  t h e  maximum 

l i k e l i h o o d  method i s  adapted t o  t h e  AVHRR data. 

o f  Eyre  e t  a l .  (1984) i s  used w i t h  t h e  AVHRR d a t a  f o r  c l o u d  d i s c r i m i n a t i o n  

t o  p r o v i d e  assurance t h a t  t h e  AVHRR scene i d e n t i f i c a t i o n s  a r e  r e l i a b l e .  

It i s  then determined which AVHRR p i x e l s  f i t  w i t h i n  a g i v e n  ERBE p i x e l ,  

and t h e  p r o b a b i l i t i e s  a r e  computed f o r  t h e  scene i d e n t i f i c a t i o n  o f  t h e  

ERBE. 

used f o r  t h e  e v a l u a t i o n  o f  t h e  e r r o r s  which a r e  i n c u r r e d  i n  da ta  i n v e r s i o n  

(Smi th  e t  a l . ,  1984). 

Because t h e  model atmospheres 

T h i s  t a p e  c o n t a i n s  concurrent  measurements f rom t h e  ERBE and 

I n  o r d e r  t o  p r o v i d e  a 

I n  a d d i t i o n ,  t h e  method 

F i n a l l y ,  t h e  p r o b a b i l i t y  mat r ices  f o r  t h e  scene i d e n t i f i c a t i o n  a r e  

The approach i s  shown s c h e m a t i c a l l y  i n  f i g u r e  4. 
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111. COMPUTATION OF THEORETICAL FILTERED R A D I A N C E S  

I n  t h e  computation of LA , i t  i s  assumed t h a t  r a d i a t i o n  i n  t h e  s h o r t -  

wave s p e c t r a l  range i s  r e f l e c t e d  s o l a r  r a d i a t i o n  and t h a t  r a d i a t i o n  i n  t h e  

longwave i s  Earth-atmosphere emi t ted  r a d i a t i o n  only.  

111 A .  R a d i a t i v e  T rans fe r  Computations 

For LW r a d i a t i o n ,  s c a t t e r i n g  i s  neglected and t h e  su r face  i s  assumed t o  

be p e r f e c t l y  absorbing. Thus, t h e  spec t ra l  rad iance a long a ray a t  a g iven  

z e n i t h  ang le  i s  g iven  by i n t e g r a t i n g  the  abso rp t i on  and emission a long t h e  

ray. Computations a re  made f o r  each o f  n i n e  z e n i t h  angles: O o ,  loo, ..., R O O .  

Because s o l a r  r a d i a t i o n  does n o t  c o n t r i b u t e  i n  t h i s  s p e c t r a l  range, t h e r e  

i s  no dependence on 00 and (p. 

descr ibed by Schmetz and Raschke (1981). 

s p e c t r a l  radiances i n  each o f  51 spec t ra l  i n t e r v a l s ,  rang ing  from 4 t o  

400 m. 

mixed gases" (i.e. 

i n t o  account. 

radiances by i n t e g r a t i n g  over t h e  zen i th  ang le  and t h e  s p e c t r a l  ranges. 

Spectral  radiances a r e  computed as 

R r i e f l y ,  t h e  LW model computes 

Absorp t ion  and emission by H20, 03, H20 polymers and "un i fo rmly  

CO2, CH4, N20) and i n  c louds, water d r o p l e t s  a r e  taken  

Longwave r a d i  an t  e x i  tance i s  nex t  computed f rom these  s p e c t r a l  

For t h e  computation o f  SW radiances, i n  t h e  range 0.20 t o  3.7 p m, mul- 

t i p l e  s c a t t e r i n g  must be considered. 

requirements, s p e c t r a l  r a d i a n t  exi tances a re  computed by use of t h e  two- 

stream approximat ion and t h e  s p e c t r a l  b i d i r e c t i o n a l  models o f  Stuhlmann e t  

a l .  (1985) i s  app l i ed  t o  a l l  SW wavelengths t o  ge t  s p e c t r a l  radiances. 

The computat i on o f  SW spec t ra l  f 1 uxes i n c l  udes Ray1 e i  gh and aerosol  s c a t t e r -  

i n g  and abso rp t i on  by water vapor, aerosols, ozone, t h e  " u n i f o r m l y  mixed 

gases'' ( i .e.  C o p ,  CH4, N20), and i n  clouds, water d r o p l e t s .  

f unc t i ons  f o r  t h e  atmospheric gases are taken from Kerschgens e t  a l .  (1976), 

and aeroso l  r a d i a t i v e  p r o p e r t i e s  a r e  those recommended by IAMAP (McC1 atchey 

I n  o rde r  t o  reduce t h e  computat ional  

Transmission 
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e t  a l . ,  1977). The spec t ra l  r e f l e c t i v i t y  o f  t h e  lower  boundary was t r e a t e d  

as by Kerschgens e t  a1 . (1976). 

Cloud was considered t o  be a one k i l omete r  t h i c k  homogeneous l a y e r  

w i t h i n  t h e  atmosphere, w i t h  v a r i a b l e  c loud t o p  he igh ts  f rom one t o  15 km. 

The c loud d r o p l e t  s i z e  d i s t r i b u t i o n  i s  t h e  Sc-2 f rom Schmetz e t  a l .  (1981) 

as measured i n  s t ra tocumulus c louds, wi th an e f f e c t i v e  d r o p l e t  r a d i u s  of  

7.9 urn. The r a d i a t i v e  p roper t i es ,  i n c l u d i n g  s i n g l e  s c a t t e r i n g  albedo and 

asymmetry f a c t o r  a re  t h e  same as those computed by Stuhlmann e t  a l .  (19851, 

us ing  Mie theory.  The o p t i c a l  depth a t  X = .55 l.un was determined from t h e  

d r o p l e t  s i z e  d i s t r i b u t i o n ,  and t h e  o p t i c a l  depth a t  o t h e r  wavelengths was 

then computed, based on Schmetz e t  a1 (1981). 

depth between 1 and 100 r e s u l t s  i n  a range o f  column l i q u i d  water  conten t  

o f  5-500 g-m-2. 

Vary ing t h e  c loud  o p t i c a l  

I n  o rde r  t o  compute shortwave spec t ra l  radiances f rom t h e  s p e c t r a l  rad-  

i a n t  ex i tances  which were based on the two-stream approx imat ion,  s p e c t r a l  

b i d i r e c t i o n a l  models o f  f o u r  sur face  scenes and two c louds ( h c l  = 3 km and 

9 km.) by Stuhlmann e t  a l .  (1985) were used, which are  based on an i t e r a t i v e  

scheme by Raschke. (1971). The c a l c u l a t i o n s  by t h e  2-stream approximat ions 

used i n  t h e  present  s tudy a re  based on t h e  same atmospher ic i n p u t  data. 

The computat ions by Stuhlmann e t  a l .  (1985) t r e a t  t h e  lower  boundary as 

Lambert ian except f o r  water sur face,  f o r  which t h e  r e f l e c t i o n  i s  cons idered 

t o  be p a r t l y  d i f f u s e  and p a r t l y  specular. 

f rom F r e s n e l ' s  formula,  and t h e  surface i s  assumed t o  be wavy. 

I11 B. Scene D e s c r i p t i o n  

The specu lar  p a r t  i s  computed 

Atmospheric p r o f i l e s  o f  temperature and humid i ty  were taken from 

McClatchey e t  a l .  (1977) f o r  f i v e  c l i m a t o l o g i c a l  cond i t i ons :  s u b a r c t i c  

sumner SAS, m i d l a t i t u d e  w i n t e r  MLW, m i d l a t i t u d e  sumner MLS, sub t rop i c  summer 
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STR, and t r o p i c s  TRO. 

as an example t h e  conten t  o f  t h e  da ta  s e t  o f  one atmospher ic s e t  of one 

p r o f i l e  ( s u b t r o p i c  summer) f o r  bo th  the SW and t h e  LW range. 

d e n s i t y  i s  descr ibed by t h e  v i s i b i l i t y  parameter 8. 

o f  McClatchey e t  a l .  (1972) i s  used; f o r  t h i s  case, B i s  56 km. 

These p r o f i l e s  a re  shown i n  f i g u r e  5. Table I shows 

The aerosol  

The aerosol  p r o f i l e  

A va lue  of 

8 = 23 km was a l s o  used, corresponding t o  an inc reased aerosol  dens i ty .  

I n  a d d i t i o n  t o  t h e  su r face  temperature o f  t h e  model, su r face  temperatures 

o f  Tmodel-C and Tmodel+c were used i n  t h e  rad iance computations. 

v ides  a s i m u l a t i o n  of t h e  e f f e c t  o f  d iu rna l  c y c l e  on t h e  radiances. 

change c was taken t o  be 4'K f o r  SAS, MLS and MLW and t o  he 6'K f o r  STR and 

Th is  p ro-  

The 

TRO. A l l  su r face  scenes a r e  s o r t e d  i n t o  f o u r  c lasses  accord ing  t o  t h e  ERRE 

c l a s s i f i c a t i o n s :  ocean, land, ice/snow, deser t .  

Spec t ra l  radiances were computed f o r  each angu lar  b i n  f o r  each model 

t y p e  l i s t e d  i n  Table 11. Thus, f o r  each su r face  t y p e  t h e r e  i s  a range o f  

c loud  h e i g h t s  and o p t i c a l  th icknesses, i n  a d d i t i o n  t o -  t h e  t h r e e  surface 

temperatures. The s e t  o f  s p e c t r a l  radiances thus  computed c o n s t i t u t e s  t h e  

" l e v e l  I" data  i n  f i g u r e  4. Given the s p e c t r a l  response o f  va r ious  s a t e l l i t e  

ins t ruments ,  t h e  r e s u l t i n g  measurements o f  these scenes can be computed by 

use o f  equat ion  (2 ) .  

I11 C. Spec t ra l  Responses o f  Spacecraft Ins t ruments  

The s p e c t r a l  response o f  a s a t e l l i t e  rad iometer  t o  incoming r a d i a t i o n  

i s  determined by i t s  o p t i c s  and t h e  nature o f  t h e  sensing element. -For t h e  

t o t a l  channel o f  t h e  ERRE scanning radiometer, a Cassegrain te lescope con- 

s i s t i n g  o f  two f r o n t  su r face  aluminum m i r r o r s  focuses t h e  r a d i a t i o n  on to  a 

bolometer, which measures t h e  t o t a l  r a d i a t i o n  imp ing ing  on it. The s p e c t r a l  

response of t h i s  channel i s  thus  t h e  product of t h e  s p e c t r a l  r e f l e c t i v i t y  

of each o f  t h e  m i r r o r s  and t h e  spec t ra l  a b s o r b t i v i t y  o f  t h e  c o a t i n g  o f  t h e  
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bolometer, and was shown i n  f i g u r e  1. The shortwave channel i s  t h e  same, 

except f o r  a s u p r a s i l  f i l t e r  i n  f r o n t  o f  t h e  de tec to r ,  which e f f e c t i v e l y  

b locks  longwave r a d i a t i o n  b u t  passes shortwave r a d i a t i o n .  The longwave 

channel has a diamond f i l t e r  i n  f r o n t  o f  t h e  de tec to r ,  which b l o c k s  s h o r t -  

wave r a d i a t i o n  b u t  passes longwave rad ia t i on .  The s p e c t r a l  response o f  

each o f  these two channels i s  t h a t  of t h e  t o t a l  channel t imes t h e  s p e c t r a l  

t ransmiss ion  o f  t h e  f i l t e r ,  and was shown a l s o  i n  f i g u r e  1. 

Because da ta  from t h e  ERB scanning rad iometer  on t h e  Nimbus 6 and 7 

spacecra f t  and t h e  Advanced Very High Reso lu t i on  Radiometer AVHRR aboard 

t h e  NOAA 9 spacecraf t  a re  used, i t  i s  necessary t o  cons ider  t h e  s p e c t r a l  

responses o f  these instruments.  The shortwave and longwave channels of 

t h e  ERB scanning radiometer on t h e  Nimbus 6 and 7 spacec ra f t  have p r a c t i c -  

a l l y  t h e  same spec t ra l  responses as those o f  ERRE. n a t a  f rom channels 1, 2 

and 4 o f  t h e  AVHRR are  a l s o  used, and t h e i r  s p e c t r a l  responses a r e  shown 

i n  f i g u r e  6 .  

The measurement f o r  a g i ven  radiometer channel was thus  computed by use 

o f  i t s  s p e c t r a l  response and t h e  spec t ra l  rad iance o f  t h e  scene i n  equat ion  

(2) .  These s imu la ted  measurements c o n s t i t u t e  t h e  l e v e l  I1 data  f o r  t h i s  

study. 

I 1 1  D. Means and Variances o f  F i l t e r e d  Radiances 

F o r  each scene type, s p e c t r a l  radiances and s imu la ted  measurements were 

computed f o r  each o f  t h r e e  su r face  temperatures and a range o f  c loud  t o p  

h e i g h t s  and o p t i c a l  th icknesses  for each v iew ing  zen i th ,  s o l a r  z e n i t h  and 

azimuth angle, as shown i n  Table 11. For each scene t y p e  and angu lar  b i n ,  

average radiances, standard dev ia t i ons  and c o r r e l a t i o n  c o e f f i c i e n t s  between 

t h e  shortwave and longwave measurements were computed. These data, which 

a r e  c a l l e d  t h e  l e v e l  I 1 1  da ta  se t ,  a r e  t h e  k i n d  which a r e  r e q u i r e d  f o r  i n -  
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pu t  t o  t h e  scene i d e n t i f i c a t i o n  a lgo r i t hm f o r  ERRE data process ing.  

Typ ica l  r e s u l t s  f o r  t h e  ERRE scanning rad iometer  a r e  shown i n  f i g u r e s  

7a and 7b, respec t i ve l y .  Average shortwave and longwave channel sirnul a ted 

measurements and t h e i r  s tandard dev ia t ions  a re  shown versus v iewing  angle 

b i n s  i n  t h e  backscat te r  d i r e c t i o n  (150' < I$ < 180') and s o l a r  z e n i t h  ang le  

i n  t h e  range 32.5 t o  37.5'. The scene i s  t r o p i c a l  ocean f o r  c l e a r  and w i t h  

h igh  and medium he igh t  c louds. 

l i m b  darkening i n  t h e  longwave measurement and l i m b  b r i g h t e n i n g  i n  t h e  s h o r t -  

The c l e a r  ocean scene shows t h e  expected 

wave measurement. 

(HK)  i nc rease  w i t h  i nc reas ing  Ov because t h e  atmospher ic e f f e c t s  superim- 

I n  t h e  longwave case t h e  radiances o f  t h e  h i g h  c o l d  c loud  

pose t h e  low c loud  temperatures. For t h e  same reason t h e  shortwave radiances 

decrease a t  h i g h  v iewing  z e n i t h  b ins.  The s i m u l a t i o n  o f  t h e  sun g l i n t  i s  

another f e a t u r e  of t h e  a p p l i e d  b i d i r e c t i o n a l  models. (0' < 4 G 9'). 

The atmospher ic temperature and humid i ty  p r o f i l e s  (Mc Clatchey e t  al'., 

1977) which were used f o r  t h e  longwave rad iance computat ion do n o t  cons ider  

t h e  sur face  types  which a re  used by the  ERBE scene i d e n t i f i c a t i o n  a lgor i thm.  

F o r  t h e  present  study, t h e  e f f e c t  o f  sur face t y p e  on t h e  longwave measure- 

ment i s  accounted f o r  by e m p i r i c a l l y  determined f a c t o r s ,  which a re  obta ined 

from mean c l i m a t o l o g i c a l  LW ex i tance  data. Thus, t h e  longwave rad iance f o r  

an atmospher ic p r o f i l e  p and scene ss i s  computed by C 

ss  = sur face  scene (ocean, land, icelsnow, d e s e r t )  

p = atmospheric p r o f i l e  ( subarc t i c  winter,.. ., t r o p i c )  

n * ( t p Y x p )  i s  a mean va lue o f  a l l  l a t i t u d e  bands (x,) and t h e  season ( t p ) ,  

which corresponds - w i t h  one o f  t h e  f i v e  avai  1 ab1 e atmospher ic model p ro f  i 1 es. 

The f a c t o r  f p ( s s )  i s  ma in ly  i n  t h e  range .9 t o  1.1. 
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I V .  APPLICATION OF THEORY TO ERBE SCENES. 

Simulated measurements were computed f o r  t h e  ERBE SW and LW scanner 

channels u s i n g  t h e  s p e c t r a l  responses f o r  these channels t o g e t h e r  w i t h  t h e  

computed s p e c t r a l  rad i  ances. The means, var iances  and c o r r e l a t i o n  c o e f f  i c -  

i e n t s  were computed f o r  these simulated measurements. 

a re  shown i n  t h e  LW-SW p lane i n  F igure  8. 

The 1-sigma e l l i p s e s  

The l o c a t i o n s  o f  t h e  cen te rs  o f  

t h e  e l l i p s e s  i n  t h i s  p lane a re  given by t h e  means and t h e i r  s i z e s  and 

o r i e n t a t i o n s  a re  determined by the  c o r r e l a t i o n  c o e f f i c i e n t s  and var iances. 

A lso  shown i n  t h i s  f i g u r e  a r e  r e a l  ERBE measurements, w i t h  p l o t t i n g  symbols 

i n d i c a t i n g  scene types  as determined by t h e  ERBE scene i d e n t i f i c a t i o n  a l -  

gor i thm. The area i s  l o c a t e d  a t  t he  P a c i f i c  west o f  C a l i f o r n i a  and Cent ra l  

America, f o r  A p r i l  4, 1985. Here o n l y  " c l e a r  ocean'' and "overcas t "  scenes 

were chosen. 

The ERBE determined overcas t  scenes a re  i n  good agreement wi%h %he 

model "h igh  clouds",  w i t h  a c l u s t e r  near t h e  c louds  w i t h  medium o p t i c a l  

th ickness .  Th is  r e s u l t  i s  a l s o  confirmed by AVHRR data,  as w i l l  be d iscuss-  

ed l a t e r  (see VB). 

"cooler1 '  and a l i t t l e  " b r i g h t e r "  than t h e  p i x e l  average. 

t o  t h e  l a r g e  ERBE p i x e l  s i z e  (44  km *65 km a t  n a d i r )  , which most p robab ly  

On t h e  o t h e r  s ide  t h e  "c lear-ocean" p i x e l  c l u s t e r  i s  

Th is  migh t  be due 

leads  t o  c loud  contaminat ion.  I n  f a c t  an ERBE scene i s  denoted as " c l e a r "  

when t h e  p i x e l s  c o n t a i n  l e s s  than 5% cloud, which o f  course inc reases  t h e  

SW and decreases t h e  LW radiance. 

Another obvious reason f o r  poss ib le  disagreements i s  t h e  necessary 

l i m i t a t i o n  i n  model i n p u t  da ta  (albedo models, v i s i b i l i t i e s ,  su r face  temp- 

e ra tu res ,  c loud  parameters, atmospheric models). 

radiances and d imin ishes  t h e i r  variances. 

p rov ides  agreement which i s  good enough t h a t  t h e  present  method i s  seen t o  

T h i s  m o d i f i e s  t h e  mean 

I n  s p i t e  o f  t h i s ,  t h e  da ta  s e t  
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p r o v i d e  an acceptab le  t o o l  f o r  scene i d e n t i f i c a t i o n .  

One c o n j e c t u r e s  t h a t  t h e  da ta  p o i n t s  between t h e  " c l e a r "  and " o v e r c a s t "  

may be due t o  h i g h  t h i n  and h i g h  medium t h i c k  c louds. However, t h e y  may 

a l s o  be due t o  p a r t l y  f i l l e d  f i e l d s  o f  v iew, o r  p a r t l y  c loudy scenes. Use 

o f  h i g h e r  r e s o l u t i o n  da ta  such as AVHRR imagery i s  necessary t o  d i s t i n g u i s h  

between these a l t e r n a t i v e s .  

. -  
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V. ERRE-AVHRR (NOAA-9) SCENE-ID INTERCOMPARISON 

V A. Technique 

The Advanced Very High Reso lu t ion  Radiometer (AVHRR) on board t h e  NOAA-9 

spacec ra f t  w i t h  t h e  ERBE ins t ruments  provides an e x c e l l e n t  o p p o r t u n i t y  f o r  

an independent check on t h e  scene i d e n t i f i c a t i o n  as computed by t h e  ERBE 

procedures. 

a re  c l e a r  o r  c loud f i l l e d  than does the ERBE scanner. Also, techniques have 

The sma l le r  f i e l d  o f  view o f  t h e  AVHRR g i ves  more p i x e l s  which 

been developed f o r  t h e  i d e n t i f i c a t i o n  o f  c louds  w i t h  AVHRR data. 

study, t h e  maximum l i k e l i h o o d  es t imator  (MLE), which i s  t h e  ERRE scene iden-  

t i f i c a t i o n  a l g o r i t h m  as discussed e a r l i e r ,  i s  a p p l i e d  t o  t h e  AVHRR da ta  t o  

In t h i s  

compute scene types  t o  p rov ide  a comparison w i t h  t h e  ERRE computed scene 

types. Next, t h e  AVHRR scene t ypes  are computed by use of t h e  method of 

Eyre e t  a1 . (1984)  and comparisons are made. 

n a t a  f o r  these in te rcompar isons  are taken  from ERRE V - 5  da ta  tapes, 

which c o n t a i n  da ta  f rom b o t h  t h e  ERBE and AVHRR radiometers f o r  se lec ted  

reg ions  o f  t h e  Ear th ,  f o r  A p r i l  14,  1985. Two t e s t  s i t e s  were chosen, as 

i n d i c a t e d  on t h e  map i n  f i g u r e  9. The f i r s t  i s  l o c a t e d  i n  t h e  P a c i f i c  

Ocean, west o f  and Cent ra l  America, as t h e  spacec ra f t  moved from 4.q0N, 

132.4OW t o  9.7ON, 133.6OW, cover ing  approximately reg ion  number 1197 o f  

t h e  ERBE 2.5Ox2.5" g r i d  as t h e  scanning rad iometer  operates i n  across- t rack  

mode. The second i s  i n  t h e  A t l a n t i c  Ocean west o f  A f r i c a  b u t  i n c l u d i n g  

some coas ta l  areas, as t h e  spacecra f t  moved from 4.q0N, 4.7OW t o  9.7ON, 

5.9OW, cover ing  approximately reg ion  number 1219 o f  t h e  ERRE g r id .  

The MLE method s e l e c t s  a c loud  class f o r  a g iven p a i r  of measurements. 

I n  do ing  so, i t  t r e a t s  each p i x e l  independently t o  a t t a c h  one o f  t h e  a 

p r i o r i  modeled scene types, charac ter ized  by rad iance averages, standard 

d e v i a t i o n s  and c o r r e l a t i o n  c o e f f i c i e n t .  I n  o r d e r  t o  app ly  t h i s  method t o  
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AVHRR data, these s t a t i s t i c s ,  which we c a l l  l e v e l  111 data,  must be a v a i l -  

ab le  f o r  t h e  channels o f  t h e  AVHRR. The methods descr ibed i n  sec t i ons  I 1  

and 111 were used t o  generate t h i s  required da ta  base, f o r  t h e  20 scene 

types. 

The present  s tudy  uses t h e  s i m p l i f y i n g  assumption t h a t  t h e  scene i s  

e i t h e r  c l e a r  o r  comple te ly  cloudy. 

pacts o f  t h i s  e r r o r  and use a "maximal c l u s t e r i n g  techn ique"  t o  determine 

c loud f r a c t i o n s  o f  t h e  f i e l d  o f  view o f  each p i x e l .  

more s u i t a b l e  f o r  t h i s  s tudy  i s  described l a t e r  ( 6 V D ) .  

t h e  MLE method i s  a q u a d r a t i c  dependence on t h e  standard dev ia t i on .  

which a r e  much warmer than  t h e  modeled c l e a r  scene LW va lue  w i t h  i t s  norm- 

a l l y  r a t h e r  small  var iance ( f o r  example, c l e a r  ' 'desert"  o r  " l and" )  cou ld  

thus  be i d e n t i f i e d  as a c loud  ( s i g n i f i c a n t l y  h i g h e r  var iance).  

around'' i s  avoided i n  t h i s  s tudy  by i n c l u d i n g  some r e s t r a i n t s  i n  t h e  MLE- 

p r o b a b i l i t y  computation, as i s  done i n  t h e  E R B E  scene i d e n t i f i c a t i o n  a l g o r -  

ithm. 

Arking e t  a1 . (1983) mention t h e  i m -  

A d i f f e r e n t  method 

Another f e a t u r e  of 

P i x e l s  

Th is  "wrap 

I n  o r d e r  t o  app ly  t h e  MLE method f o r  scene i d e n t i f i c a t i o n  f rom AVHRR 

data, a new l e v e l  11 data  s e t  s u i t a b l e  f o r  t h e  AVHRR i s  computed u s i n g  

AVHRR channel 2 and 4 f i l t e r  func t ions  (NOAA Users'  Guide), cen tered  around 

-9 and 11. pm, r e s p e c t i v e l y ,  t o  s imulate SW and LW measurement p a i r s .  A 

l e v e l  111 data  s e t  f o r  t h e  AVHRR measurements was c rea ted  which i nc ludes  

average f i l t e r e d  radiances f o r  t h e  same 20 scenes l i s t e d  i n  Table 11. 

Channel 2 was chosen i n s t e a d  o f  channel 1 (.55-.75 pm) because i n  t h i s  

channel c a l i b r a t e d  radiances o f  various scenes cover a broader range than  

t h e  r e s p e c t i v e  radiances o f  channel 1, e.g., c louds  appear b r i g h t e r  and 

c l e a r  scenes appear da rke r  i n  channel '2 than i n  channel 1. Th is  behavior 

obv ious l y  a l l ows  a b e t t e r  scene d i s c r i m i n a t i o n  i n  t h e  SW-range. 
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The counts o f  channels 2 and 4 were c a l i b r a t e d  and t rans formed i n t o  rad -  

iances u s i n g  t h e  c a l i b r a t i o n  c o e f f i c i e n t s  s t o r e d  on t h e  V-5 tape  u s i n g  t h e  

procedure descr ibed by Rossow e t  a l .  (1985). Percent sca led  radiances f o r  

each channel a r e  computed from t h e  counts us ing  t a b u l a t e d  ga ins  and o f f s e t s .  

The e f f e c t i v e  s o l a r  i r r a d i a n c e  f o r  each channel i s  c a l c u l a t e d  by i n t e g r a t i n g  

t h e  produc t  o f  t h e  s p e c t r a l  response f u n c t i o n  f o r  t h e  channel and t h e  s o l a r  

i r r a d i a n c e ,  as t a b u l a t e d  by Neckel and Lab (1984). 

t h e  percent  sca led  i r r a d i a n c e  m u l t i p l i e d  by t h e  e f f e c t i v e  s o l a r  i r r a d i a n c e  

f o r  each channel. 

The rad iance i s  t hen  

With t h e  geographic i n fo rma t ion  o f  each p i x e l ,  an u n d e r l y i n g  su r face  

scene i s  taken from an ex te rna l  da ta  set. The a p r i o r i  model values of 

t h i s  c l e a r  scene and o f  a v a r i e t y  o f  model c louds  above t h i s  su r face  t o g e t h e r  

w i t h  t h e  o r i g i n a l  AVHRR measurement p a i r  serve as i n p u t  da ta  i n  t h e  MLE 

procedure. The model scene w i t h  t h e  h ighes t  p r o b a b i l i t y  i s  regarded as 

t h e  " t r u e "  scene f o r  t h e  AVHRR p i x e l .  U n c e r t a i n t i e s  - in  t h i s  scene d e t e r -  

m i n a t i o n  a r e  due t o  t h e  presuppos i t ion  o f  a Gaussian d i s t r i b u t i o n  o f  t h e  

p i x e l  i n  t h e  SW-LW p lane and o f  course t o  t h e  f a c t  t h a t  t h e  model scene 

p o s s i b l y  does n o t  f i t  t h e  r e a l i t y .  

One-sigma e l l i p s e s  i n  t h e  LW-SW plane f o r  t h e  l e v e l  111 data  se t  f o r  

AVHRR measurements a re  shown i n  f i g u r e  10 a and b f o r  t r o p i c a l  ocean, l a n d  

and clouds. C a l i b r a t e d  LW and SW AVHRR da ta  (channels 2 and 41, i n d i c a t e d  

as do ts ,  a r e  compared w i t h ' t h e  model scene values as i n  f i g u r e  8. 

da ta  a r e  AVHRR GAC measurements from t h e  NOAA 9 s a t e l l i t e  on 14 A p r i l ,  1985 

f o r  t h e  two reg ions  e a r l i e r  described. The GAC data  f rom t h e  V-5  tapes a re  

much s m a l l e r  (-12 km2) than t h e  ERBE p i x e l  (44x65 kin, NOAA9). It i s  

seen t h a t  t h e  AVHRR da ta  l i e  i n  t h e  envelope o f  1-sigma e l l i p s e s  o f  radiances 

These 

as computed by r a d i a t i v e  t r a n s f e r .  While t h e  f i r s t  case a)  c o n s i s t s  o f  c o l d  
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ocean scenes w i t h  var ious.  c loud  types, t h e  second t e s t  area con ta ins  c l e a r  

l and  p i x e l s  and on ly  a few (warm) ocean p i x e l s .  The t h i n  c loud types  over 

l and  a re  s i g n i f i c a n t l y  b r i g h t e r  than the  respec t i ve  c louds  over ocean i n  a )  

and a re  i n  good agreement w i t h  t h e  modeled scenes (e.g. scene types 8,9 and 

10 i n  F i g u r e  10 b . ) .  

ium t h i c k  (scenes 13,14 and 1 5 )  and t h i c k  (scenes 19,20) clouds. 

ment lends support  t o  acceptance o f  the i d e n t i f i c a t i o n  o f  these scene types ,  

a l though as be fore  i t  i s  noted t h a t  i t  i s  assumed t h a t  a l l  f i e l d s  o f  view 

are  e i t h e r  f u l l  o r  empty. 

The i n f l u e n c e  o f  t h e  sur face  can be neg lec ted  f o r  med- 

Th is  agree- 

The f o l l o w i n g  problems occur. The var iance o f  t h e  SW radiances f o r  t h e  

ocean i s  smal l  compared t o  t h a t  f o r  p a r t l y  c loudy over  ocean. 

quence, t h e  MLE method w i l l  tend  t o  i d e n t i f y  many scenes as c loud. 

i t  i s  d i f f i c u l t  t o  d i s c r i m i n a t e  between c l e a r  ocean o r  c l e a r  l and  and t h i n  

As a conse- 

Also,  

and low clouds, as t h e i r  r a d i a t i v e  e f f e c t s  a re  small. 

reason t h e  i n f l u e n c e  o f  these scene i d e n t i f i c a t i o n  e r r o r s  i s  smal l .  F i n a l l y ,  

many GAC p i x e l s  which a re  c lassed as c l e a r  may w e l l  be c loud contaminated. 

Fo r tuna te l y ,  f o r  t h i s  

V B. S p a t i a l  Co loca t ion  o f  ERRE and AVHRR p i x e l s  -- ---- 
I n  orde r  t o  compare t h e  scene i d e n t i f i c a t i o n  r e s u i t s  from t h e  AVHRR w i t h  

those from t h e  ERRE scanner, i t  i s  necessary t o  co loca te  them s p a t i a l l y .  

The ERBE scanning radiometers have an o p t i c a l  mask i n  f r o n t  o f  each de tec to r  

which forms a hexagonal instantaneous f i e l d  o f  view w i t h  t h e  3' w i d t h  i n  t h e  

scan d i r e c t i o n  and 4.5' wid th  i n  t h e  perpend icu la r  d i r e c t i o n .  

t h e  ERRE p i x e l  i s  a l s o  mod i f i ed  by t h e  t i m e  response of t h e  ins t rument  as i t  

scans. Because o f  t h i s  t h e  shape o f  t h e  surface area covered by an ERRE 

p i x e l  i s  approximated i n  t h i s  s tudy hy superimposing an e l l i p s e  and a r e c t -  

angle w i t h  t h e  f o o t p r i n t  o f  t h e  p i x e l  i n  i t s  cen ter ,  as shown i n  f i g u r e  11. 

The l e n g t h  o f  t h e  major a x i s  ''all along t h e  scan l i n e  i s  approximated as h a l f  

The shape o f  
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o f  t h e  d i s tance  o f  two ne ighbor ing  p i x e l - f o o t p r i n t s .  The minor a x i s  Ilb" i s  

h a l f  o f  t h e  d i s tance  of  two neighbor ing f o o t p r i n t s  a long t h e  n a d i r  and i s  

h e l d  cons tan t  a long t h e  scan l i n e .  

t h e  ERBE and t h e  AVHRR data t h e  d is tance o f  t h e  AVHRR f o o t p r i n t  perpend icu la r  

t o  t h e  ERRE scan l i n e  I'd" and t h e  d is tance t o  t h e  edge o f  t h e  ERRE p i x e l  i s  

determined and compared ( f i g u r e  11). I f  I d l c b ' ,  t h e  AVHRR p i x e l  i s  regarded 

as be ing  w i t h i n  t h e  ERRE p i x e l .  

With t h e  geometr ic i n f o r m a t i o n  o f  bo th  

V C. Method - o f  Cloudiness neterminat ion -- 
As mentioned above, i t  i s  necessary t o  account f o r  p a r t i a l l y  c l o u d - f i l l e d  

AVHRR p i x e l s  i n  o rder  t o  es t imate  an average c loud iness  o f  t h e  t o t a l  area. 

This  was done by app ly ing  a technique which makes use o f  t h e  d i f f e r e n t  

behaviour o f  AVHRR channels 1 and 2 re f l ec tances  (r1,rz). 

r l  i s  l a r g e r  than r 2  and f o r  l a n d  and deser t  t h e  oppos i te  i s  t h e  case, which 

F o r  ocean scenes 

might  be due t o  d i f f e r i n g  aerosol  s c a t t e r i n g  i n  t h e  channel 2 range o r  

t o  t h e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  the incoming rays.. F o r  t h e  h i g h  reso lu -  

t i o n  AVHRR-LAC data (1 km2), K r iebe l  (1986) and Saunders (1986) found t h a t  

f o r  c l e a r  ocean r 2 / r l  - 0.5 and f o r  land r 2 / r l  > 1. The maxima f o r  c louds 

were centered a t  0.9. Th is  va lue can vary between 0.7 and 1.0 accord ing t o  

c loud t o p  a l t i t u d e s  as a r e s u l t  o f  change of ozone and water vapor conten t  

above t h e  clouds. 

I n  o rde r  t o  app ly  t h i s  behaviour t o  i d e n t i f y  p a r t l y  c loudy AVHRR p i x e l s ,  

as a f i r s t  s tep  one o f  t h e  20 pre-def ined scene types i s  a t tached t o  each 

AVHRR p i x e l  w i t h  a Maximum L i k e l i h o o d  Es t ima t ion  method. 

t h e  re f l ec tances  r 2 / r l  a re  determined f o r  each p i x e l  and t h e  corresponding 

scenes a r e  so r ted  i n t o  histograms as shown i n  f i g u r e  12. 

l a r g e r  p i x e l  s i zes  t h e  peaks are  no t  so w e l l  determined, which p o i n t s  t o  a 

Also t h e  r a t i o s  o f  

Recause of t h e  
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probab le  c loud  contaminat ion  o f  the c l e a r  scenes. C lea r  ocean, dese r t  and 

land  scenes are  c l e a r l y  separated from each o t h e r  and show ove r lapp ing  areas 

w i t h  t h e  c loud  c l u s t e r .  

regarded as c loud  contaminated o r  as n o t  t o t a l l y  c loudy  i n  t h e  case o f  p re -  

d e f i n e d  c l o u d  scenes. 

scenes depending on t h e  respec t i ve  c o n d i t i o n  o f  t h e  histograms o f  each t e s t  

area. Then t h e  AVHRR p i x e l  c loudiness amount c i s  determined. It i s  0 f o r  

c l e a r  scenes and 1 f o r  t o t a l l y  cloudy p i x e l s  and l i n e a r  i n t e r p o l a t e d  between 

0 and 1 i f  r 2 / r l  i s  beyond t h e  predef ined boundar ies (e.g. f o r  an ocean scene 

scene i n  f i g u r e  12, 0 < c < 1 i f  0.75 < r 2 / r l  < 0.9) .  

A l l  p i x e l s  w i t h  r a t i o s  r 2 / r l  i n  these areas where 

Boundaries were chosen f o r  c l e a r ,  mixed and c loudy  

As a f i n a l  s tep  these c l o u d  amounts c o f  a l l  AVHRR p i x e l s  be long ing  t o  

one ERBE p i x e l  r e s u l t s  i n  a mean percentage c loud iness  7 o f  t h e  p i x e l  area 

which i s  accord ing  t o  t h e  ERBE scheme : 

o % < C < 5 % : c l e a r  , j = l  

5 % < 7 < 50 % : p a r t l y  cloudy. , j = 2  

50 % < c < 95 % : most ly  c loudy , j = 3  

95 % < C < 100% : overcas t  , j = 4  

The t y p e  o f  c loud iness  i s  thus  computed f o r  each area covered by an ERBE 

p i x e l  (see  Table 11). These scenes j ,  here regarded as " t r u t h " ,  can f i n a l l y  

be compared w i t h  t h e  r e s p e c t i v e  ERBE scenes o f  t h e  same area. 

The ERBE-AVHRR scene intercomparison were done f o r  a l l  p i x e l s  o f  a t e s t  

area and t h e  r e s u l t s  were s o r t e d  i n t o  ma t r i ces  as shown i n  Tab le  111 f o r  

r e g i o n  1197. 

account. 

whereas p a r t l y  c loudy scenes are  determined from t h e  AVHRR measurements 

u s i n g  t h e  method descr ibed above. 

t u r e s  t h a t  a re  found. 

I n  p a r t  ( a )  o f  Table 111, a l l  in te rcompar isons  a re  taken i n t o  

I n  353 cases t h e  ERBE scene i s  computed t o  be c l e a r  ocean ( i = l )  

The example shows c l e a r l y  some o t h e r  fea -  

I n  t h e  c l e a r  and p a r t l y  c loudy  cases f o r  AVHRR, t h e r e  
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ERBE t o  bo th  more and l e s s  

on can be seen a t  p a r t l y  c 

a t  mos t l y  cloudy and overc 

c loud iness .  A s l i g h t  tend-  

oudy scenes. Yet t h i s  

s t  scenes, where ERBE f o r  

i ns tance  determines 687 mos t l y  cloudy scenes t h a t  were c lassed  by t h e  AVHRR 

procedure as overcast.  

The ma t r i ces  i n  p a r t  b) o f  Table I 1 1  c o n t a i n  a l l  t h o s e  in te rcompar isons  

w i t h  t h e  r e s t r i c t i o n  t h a t  a s i n g l e  AVHRR determined c l o u d  t y p e  i s  dominant 

f o r  each c loud  t ype  ( c  ( c l o u d  type)  > 50 % ) .  From t h e  f i r s t  m a t r i x  i t  i s  

e v i d e n t  t h a t  t h e  underes t imat ion  i s  due t o  t h i n  c louds  and i n  a l e s s  degree 

t o  low and m idd le  h igh  clouds. On t h e  o t h e r  hand, t h e r e  i s  a lmost always a 

f a i r l y  good agreement a t  medium, t h i c k  and h i g h  clouds. 

very  few overes t imat ions  o f  c loudiness from t h e  ERBE a r e  observed. 

I n  a l l  cases o n l y  
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V D. F igures  --- o f  M e r i t  f o r  Intercomparisons -- 

Two methods a re  chosen as means t o  compare t h e  ma t r i ces  o f  d i f f e r e n t  

areas, f rom now on c a l l e d  p r o b a b i l i t y - m a t r i c e s  P i j  accord ing  t o  Smith e t  

a l .  (1984). As t h e  f i r s t  c h a r a c t e r i s t i c  t h e  sum o f  t h e  d iagonal  elements 

(denoted - 3 , . . . , 3 )  as shown below are determined and t h e i r  percentage o f  

t h e  matr ix-e lements t o t a l  i s  p l o t t e d  as histograms (F igu re  13) f o r  t h e  f i v e  

cases which were s tud ied.  

A V H R R / .i 1 2 3 4 - 
ERR€/ i c e ,  c .  

1 "11 "12 "13 "14 
c 4 -. \ '3 . 

P i j  - - 2 "21 n22 "3 n24 

3 "31 "32 "3 "34 

4 "1 "42 "3 "44 

\ , '2 

'1 

*. c 

c 
\ \ \ \ 

I n  o rde r  t o  c h a r a c t e r i z e  t h e  degree of  m i s i n t e r p r e t a t i o n  o f  scenes a we igh t -  

i n g  m a t r i x  i s  de f i ned  as 

( a i j ) i = l , 4  = 
j=1,4 

4 3 2 1  

Two iiiore ma t r i ces  a re  necessary i n  order t o  d e f i n e  a parameter which i s  a 

measure f o r  t h e  d i s t r i b u t i o n  o f  t h e  elements w i t h i n  a m a t r i x  : 

A lso  t h e  f o l l o w i n g  q u a n t i t i e s  a re  defined: 

I 
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With these numbers and denot ing t h e  number of rows/columns as n, t h e  r e q u i r e d  

parameter MM can be de f ined : 

1 < 8 < n  , 0 
P 

Def. : MM = T 4 s  

MM stands f o r  "Ma t r i x  Moment" and i s  1 i f  a l l  eleme 

< T  

< s  

t s  a r  

< 1  

< 1  

on t h e  rniddl ! 

diagonal  (abso lu t  agreement) and 0 i f  they  a re  l o c a t e d  i n  t h e  lower  l e f t  and 

upper r i g h t  corners ( t o t a l  disagreement). T(A/P) i s  t h e  normal ized average 

we igh t i ng  f a c t o r  o f  t h e  m a t r i x  P i j  w i th  t h e  worst  r e s u l t  a t  A / P  = 4. C/D 

i s  a f a c t o r  t h a t  takes t h e  d i s t r i b u t i o n  o f  t h e  elements w i t h i n  t h e  m a t r i x  

i n t o  account. F igu re  13 demonstrates t h a t  f o r  equal values o f  A/P,  MM de- 

creases i f  t h e  matr ix-e lements a re  changed toward t h e  corners.  

The f o l l o w i n g  example shows two matr ices w i t h  14 elements i n  d i f f e r e n t  

p o s i t i o n s  b u t  w i th  t h e  same r a t i o  A /P  = 24/14. 

4 0 0 0  A/P = 24/14 T = 0,762 
M i =  1 0 0 0 0  

0 0 0 0  c/o = 312 = i.5 s = 0.834 
0 0 0 T r  

MM = 0.696 

1 0 0 0 0  A/P = 24/14 T = 0.762 

0 0 0 0  C / D  = 7/3 = 2.3 S = 0.567 
3 0 0 0  

M 2  = 1 0 0 0  

MM = 0.574 

Although t h e r e  a re  more elements on the midd le  - d iagonal  a t  M2 MM i s  

lower  because o f  t h r e e  elements be ing a t  t h e  worst  p o s i t i o n  i n  t h e  lower  

l e f t  corner .  
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-- V E. D iscuss ion  - o f  In te rcompar ison Resul ts 

F i g u r e  14  shows histograms o f  t h e  normal ized diagonal  sums and t h e  

m a t r i x  moment MM f o r  severa l  cases. The histograms show s i m i l a r  p a t t e r n s :  

MM between i s  between .65 and - 7 3  i n  a l l  cases and t h e r e  a r e  o n l y  few s t r o n g  

d e v i a t i o n s  f rom t h e  m idd le  diagonal .  In f o u r  cases t h e r e  i s  g e n e r a l l y  more 

underest imaion o f  c loud iness  according t o  t h e  ERRE scene i d e n t i f i c a t i o n  

method. Th is  underestimati :on occurred o f ten  a t  t h i n  and low clouds, whereas 

t h e r e  i s  almost always a good agreement a t  medium, t h i c k  and h i g h  clouds. 

Thus ERRE tends t o  i n t e r p r e t  t h i n  clouds i n  lower  l e v e l s  as c l e a r  scenes 

( a t  h i g h  c loud amounts), o r  more accurately,  t h e  AVHRR scene i d e n t i f i c a t i o n  

method determines more t h i n  and low clouds i n  s p i t e  of i t s  tendency t o  de- 

n o t e  those p i x e l s  as mixed scenes (see VD, 0 < Cmix < l ) .  

A s i g n i f i c a n t  ove res t ima t ion  o f  c loudiness i s  found i n  o n l y  one case 

( A p r i l  14, 1985 f o r  1219 A t lan t i c lNor thwes t  A f r i c a ) .  Th i s  i s  t h e  o n l y  t e s t  

area t h a t  con ta ins  about 30% c l e a r  and cloudy land,  dese r t  and coas ta l  

scenes accord ing  t o  t h e  a p r i o r i  ERBE su r face  scene map. Reasons f o r  t h i s  

migh t  be t h e  f a c t  t h a t  t h e  " land"  scenes o f  t h i s  p a r t  o f  A f r i c a  a re  found 

t o  be very  h o t  and sometimes as b r i g h t  as "dese r t "  scenes. Together w i t h  

t h e  ''wrap around" e f f e c t  o f  t h e  MLE method t h i s  c o u l d  be one reason f o r  

about 20% o f  a l l  c l e a r  l a n d  scenes (AVHRR) be ing  denoted as " p a r t l y  c loudy"  

by t h e  ERRE scene method. F i n a l l y  there  a r e  severa l  b r i g h t  and extremely 

h o t  dese r t  scenes determined by t h e  AVHRR i n  areas t h e  ERR€ geotype map 

has p rede f ined  as "coas ta l "  areas. h e  t o  t h e  "wrap around" e f f e c t  these 

obv ious l y  " c l e a r "  scenes a re  m i s i d e n t i f i e d  as p a r t l y  c loudy  and i n  severa l  

cases even as overcas t  scenes by ERRE.  

On A p r i l  19, 1985 a t  t h e  same t e s t  area (1219) t h e r e  a r e  severa l  w o n g  

(ove rcas t )  AVHRR scenes found i n  t h e  sun -g l i n t  area o f  c l e a r  ocean where 
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t h e  ERBE quotes t h e  scene r i g h t l y  (acco rd ing  t o  albedo and s u r f a c e  tempera- 

t u r e )  as c loud - f ree  ocean. That i n d i c a t e s  a reasonable hand l i ng  o f  t h e  

s u n - g l i n t  i n  t h e  ERBE i n v e r s i o n  algor i thm. Th is  statement i s  a l s o  conf i rmed 

by t h e  f a c t  t h a t  n e g l e c t i n g  a l l  comparisons i n  t h e  s u n - g l i n t  area does no t  

improve t h e  r e s u l t s  o f  t h e  p r o b a b i l i t y  mat r ices .  

The ma t r i ces  shown as an example i n  Tab le  111 were a l s o  s o r t e d  i n t o  a l l  

combinations o f  angu lar  b ins .  It can be seen t h a t  m i s i n t e r p r e t a t i o n s  o f  

ERBE scenes a re  a t  no p r e f e r r e d  angular b i n ,  e.g. t h e r e  a r e  no b e t t e r  i n t e r -  

comparison r e s u l t s  i n  backward than i n  fo rward  s c a t t e r  d i r e c t i o n .  F i n a l l y ,  

i f  t h e  ERBE determines a scene as overcas t ,  i t  i s  most p robab ly  t r u e  because 

t h e r e  a r e  o n l y  very  few overestimates a t  h i g h  c loud  amounts (ove rcas t  

i n s t e a d  o f  mos t l y  c loudy)  f o r  a l l  cases. 
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VI. ERROR PROPAGATION I N  THE ERRF I N V E R S I O N  ALGORITHM 

V I  A .  Theore t i ca l  Considerat ions -- 
I n  t h i s  study, t h e  approach o f  Smith e t  a l .  (1984) w i l l  be used. The 

t o t a l  e r r o r  of t h e  r a d i a n t  ex i tance  f o r  each p i x e l  i s  t h e  sum of two b a s i c  

components. The e r r o r  i n  scene i d e n t i f i c a t i o n  r e s u l t s  i n  d i s c r e t e  changes 

i n  t h e  s p e c t r a l  c o r r e c t i o n  and b i d i r e c t i o n a l  f u n c t i o n s  (F ig .  151, or  branch- 

i n g  i n :  t h e  computat ional  f low. The second e r r o r  component con ta ins  te rm 

e r r o r s  ( b i d i r e c t i o n a l  f u n c t i o n -  and spec t ra l  f a c t o r -  v a r i a t i o n s ,  i ns t rumen t  

no i se )  and can be t r e a t e d  i n  a l i n e a r  manner. I n  t h i s  study some f i r s t  

es t imates  f o r  t h e  e r r o r s  due t o  scene m i s i d e n t i f i c a t i o n  w i l l  be presented. 

L e t  a scene which i s  i n  t r u t h  type l1jl1 be i d e n t i f i e d  as t y p e  'lil'. Then 

t h e  expected e r r o r  i n  t h e  es t ima te  o f  r a d i a n t  ex i tances  M i s  de f ined as 

E(€Mi)  = C . E M i j  P i j  (5) 
J 

where P i j  i s  t h e  p r o b a b i l i t y  t h a t  a scene i s  i n  t r u t h  t y p e  j and t h a t  i t  

i s  i d e n t i f i e d  as t y p e  i. This  e r r o r ,  i f  nonzero, represents  a b i a s  i n  t h e  

a n a l y s i s  o f  t h e  data. Assuming t h a t  t h i s  b i a s  i s  zero t h e  va r iance  of 

t h i s  e r r o r  i s  

The p r o b a b i l i t y  P i j  i s  t h e  produc t  o f  t h e  c o n d i t i o n a l  p r o b a b i l i t i e s  t h a t  

a scene i s  i n  t r u t h  t y p e  j and t h a t  i t  i s  i d e n t i f i e d  as t y p e  i. As such, 

it can be w r i t t e n  as 

'. I 

where x i s  a two dimensional radiance space (LSW,Llw). The p r o b a b i l i t y  o f  

occurence o f  va r ious  scene classes P j  represents  t h e  s t a t i s t i c a l  makeup of 

t h e  c l o u d  f i e l d ,  and n j ( x )  i s  t h e  p r o b a b i l i t y  t h a t  i f  t h e  scene i s  of t y p e  

j t h a t  i t  w i l l  have va lue  x. .The domain o f  i n t e g r a t i o n  i s  t h e  p a r t  o f  t h e  

x o r  (LsW,Llw) p lane  i n  which t h e  scene i d e n t i f i c a t i o n  a l g o r i t h m  i d e n t i f i e s  
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t h e  scene t o  he o f  t y p e  i. 

considered t o  be a normal ized p r o h a b i l i t y  d i s t r i b u t i o n  of t h e  measured 

radiance p a i r  (LsW,Llw) f o r  scene type j and can be approximated as 

The p r o b a b i l i t y  d i s t r i b u t i o n  I l j ( X )  w i l l  he 

T 

u v  1 2 P  
%w u l w  

I , ,e means, var iances  and c o r r e l a t i o n  c o e f f  , c i e n t s  o f  shortwave anc, longwave 

radiances a r e  considered t o  be known f o r  each scene t y p e  j. The i n t e g r a t i o n  

i s  over t h e  r e g i o n  which i s  def ined by t h e  scene i d e n t i f i c a t i o n  a l g o r i t h m  

us ing  equat ion  (8 )  as be ing  scene type i, i n d i c a t e d  i n  f i g u r e  16 by t h e  

cross-hatched area. These scene areas a r e  d e l i n e a t e d  by e l l i p s e s  which a re  

g iven by t h e  equat ion  

P i  n i =  P j  IIj (9 1 

Becausz t h e  Gauss d i s t r i b u t i o n  f o r  scene c lasses  may be an u n r e a l i s t i c  

assumption f o r  p o i n t s  w e l l  away from t h e  c e n t r o i d  o f  each scene type, i t  

i s  d e s i r a b l e  t o  use t h e  P i j  as computed i n  t h e  l a s t  chapter. 

scene t y p e  i s  aga in  considered t o  he t r u t h  j. 

The AVHRR 

A V H R R / j  1 
E R R E / i  

1 n11 

2 “1 

3 ”31 

4 “41 
& 

N 1  

2 

“2 

”2 

n32 

“2 

N2 

3 

“3 

“3 

n33 

“3 

N3 

4 

“4 

24 

”4 

“4 

N4 

4 
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The p o r t i o n  o f  scene c l a s s  j i d e n t i f i e d  as i ( t h e  cross-hatched area i n  

f i g u r e  16) i s  t hus  eva lua ted  e m p i r i c a l l y  r a t h e r  than by t h e  i n t e g r a l  ex- 

p ress ion  i n  equa t ion  ( 7 ) :  

N t o t N j  Ntot 
The r a t i o  o f  N j  and t h e  t o t a l  number o f  p i x e l s  i n  t h e  t e s t  area N t o t  i s  an 

e m p i r i c a l  e v a l u a t i o n  o f  P j ,  and t h e  r a t i o  o f  n i j  t o  N j  i s  an e m p i r i c a l  

e v a l u a t i o n  o f  P i j .  

a " t r u t h "  which o f  course i s  an est imate,  based on many u n c e r t a i n t i e s ,  

The P i j  a r e  o n l y  v a l i d  f o r  a c e r t a i n  area and based on 

by i t s e l f .  

I f  t h e  scene i s  i d e n t i f i e d  as type i t h e  shortwave and longwave r a d i a n t  

ex i tances  a t  TOA, expressed as components o f  a two-dimensional vec tor ,  a r e  

es t imated  as 

whereas t h e  c o r r e c t  ex i tance  f o r  scene c l a s s  j would be 

M j  . =  II Qj C j  

Q i s  a 2 x 2  diagonal  m a t r i x  w i t h  1/R on t h e  diagonal  f o r  t h e  shortwave- 

and longwave component, respec t ive ly .  C i s  t h e  2 x 3  

m a t r i x  ana g a v e c t o r  of ERBE shortwave, longwave and t o t a l  channel radiances. 

spec t ra l  c o r r e c t i o n  

The e r r o r  - & M i j  i n  t h e  es t imate  o f  r a d i a n t  e x i t a n c e  due t o  scene 

e r r o r s  i s  then 

SMi j  - - "II ( Q i  - Q j ) C i a  + n Q j ( C i  - C j ) f l  (13) 

The covar iance m a t r i x  f o r p M i j  i s  given by (analogous t o  ( 6 ) ) :  
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T 4 

j =1 
+ T~ C P i j  ( K i j  + K i j )  

Here t h e  approximat ion i s  made t h a t  

The second moment o f  t h e  d i s t r i b u t i o n  i s  i n  t h i s  way eva lua ted  by use o f  

t h e  a p r i o r i  mean values o f  t h e  i d e n t i f i e d  scene radiances. 

The f i r s t  te rm on t h e  r i g h t  hand s i d e  o f  equat ion  (14) i s  t h e  e r r o r  

var iance due t o  b i d i r e c t i o n a l  modeling e r r o r ,  t h e  second te rm i s  t h e  e r r o r  

c a t i o n  e r r o r ,  and t h e  remaining p a r t s  a re  c o u p l i n g  terms between these two 

e f f e c t s  . 
V I  R. P re l im ina ry  Est imates - o f  Ex i tance E r r o r s  -- 

The shortwave and longwave ex i tance standard d e v i a t i o n s  a re  t h e  square- 

r o o t s  o f  t h e  diagonal  elements o f  t he  covar iance mat r ices .  Fo r  each p i x e l ,  

t h e  percentage d e v i a t i o n  can be ca lcu la ted :  
ui 

M i  
100 c93 (16) - P i  - 

Figures  17 and 18 show p r e l i m i n a r y  r e s u l t s  o f  these e r r o r s  f o r  t h e  ERRE 

scenes i n  reg ion  1197 on A p r i l  4, 1985. The p r o b a b i l i t y  m a t r i x  f o r  t h i s  

case i s :  

P i j  = 

1 .127 0.041 0.001 0 1 
0.059 0.140 0.038 0.001 

0.011 0.065 0.130 0.082 

0.001 0.007 0.297 
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Recause o f  t h e  low l i k e l i h o o d  o f  underest imat ing an overcas t  scene t h e  

shortwave e r r o r s  f o r  t h i s  scene t y p e  f o r m  t h e  minimum areas i n  f i g u r e  17.  

E r r o r  maxima a re  almost always connected w i t h  mos t l y  c loudy  and sometimes 

* 

p a r t l y  c loudy  scenes. 

i n  c l o u d  types, a l t i t u d e s  and t o t a l  amount ( 5  - 50 and 50 - 95 X )  which 

causes t h e  radiometer s i g n a l  - m and f i n a l l y  t h e  rad iance es t ima te  - M. The 

extremely h i g h  dev ia t i ons ,  i n d i c a t e d  w i t h  "HI' i n  f i g u r e  17  a r e  o n l y  very  

Reasons f o r  t h i s  a r e  t h e  g rea t  amount o f  v a r i a b i l i t y  

s c a t t e r e d  and mos t l y  caused by overes t imat ion  o f  c loud iness  when compared 

w i t h  corresponding " t r u e "  scenes. Table I V  summarizes these r e s u l t s  f o r  

one case. 

t h e  f l i g h t  t rack .  

E r r o r s  a r e  averaged over th ree  p a r t s  o f  an ERBE scan l i n e  a long 

Al though these values a r e  based on a l i m i t e d  s t a t i s t i c a l  

sample and o n l y  v a l i d  f o r  a c e r t a i n  area, they  demonstrate some t y p i c a l  

fea tures .  Obviously t h e  longwave e r r o r s  a r e  n e g l i g i b l e  f o r  a l l  scene 

c lasses  and a l s o  t h e  shortwave dev ia t i ons  are  very  low f o r  overcas t  scenes. 

For  a l l  scenes t h e r e  i s  an i n c r e a s i n g  abso lu te  e r r o r - i n  forward s c a t t e r  

d i r e c t i o n  b u t  o n l y  f o r  c l e a r  ocean t h i s  i s  a l s o  t h e  case f o r  t h e  percentage 

e r r o r .  For a l l  c loudy scene types the  shortwave ex i tances  a r e  more i nc reas -  

i n g  than t h e  abso lu te  e r r o r s  along the  scan- l i ne  toward t h e  fo rward  s c a t t e r -  

i n g  o f  t h e  sun l i g h t ,  and t h e r e f o r e  the percentage maxima a r e  i n  t h e  n a d i r  

region. 

due t o  scene i d e n t i f i c a t i o n  e r r o r  depends on t h e  d i r e c t i o n  of t h e  r e f l e c t e d  

Th is  c l e a r l y  i n d i c a t e s  t h a t  the  shortwave r a d i a n t  e x i t a n c e  e r r o r  

s u n l i g h t  f o r  a c l e a r  ocean sur face  more than f o r  c loudy scenes, because of 

t h e  s u n - g l i n t  e f fec t  over the ocean. 
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V I  I. CONCLUSIONS 

The scene i d e n t i f i c a t i o n  p r o b a b i l i t y  m a t r i c e s  q u o t i n g  t h e  p r o b a b i l i t y  

t h a t  a scene which i s  i n  t r u t h  t y p e  j i s  i d e n t i f i e d  as t y p e  i a r e  r e q u i r e d  

f o r  t h e  e v a l u a t i o n  o f  da ta  a n a l y s i s  e r ro rs .  Th i s  paper p resents  e m p i r i c a l  

eva lua t i ons  o f  these ma t r i ces  by checking t h e  accuracy o f  t h e  ERRE scene 

i d e n t i f i c a t i o n  a lgor i thm.  Th is  procedure a t taches  a scene ( c l e a r  sur faces ,  

p a r t l y  and mos t l y  c loudy  above these surfaces and oce rcas t )  t o  a shortwave- 

longwave measurement p a i r  w i t h  a maximum l i k e l i h o o d  e s t i m a t i o n  method. I n  

o rde r  t o  per fo rm an in te rcompar ison o f  these scenes w i t h  an independent s e t  

o f  s a t e l l i t e  data,  a scene i d e n t i f i c a t i o n  procedure i s  developed f o r  AVHRR 

SW and LW data  by u s i n g  two r a d i a t i v e  t r a n s f e r  models. 

p i x e l s  a r e  then  a t tached t o  corresponding ERBE p i x e l s  and t h e  r e s u l t s  a re  

These AVHRR GAC 

so r ted  i n t o  scene or p r o b a b i l i t y  matrices. 

These scene-type intercomparisons show t h a t  t h e r e  g e n e r a l l y  i s  a h i g h e r  

tendency f o r  underes t imat ion  o f  c loudiness over  ocean'at h i g h  c loud  amounts, 

e.g. mos t l y  c loudy i n s t e a d  o f  overcast and p a r t l y  c loudy i n s t e a d  o f  mos t l y  

cloudy, o f  t h e  ERR€ scene i d e n t i f i c a t i o n  r e l a t i v e  t o  t h e  AVHRR r e s u l t s .  

Th is  i s  mos t l y  caused by t h i n  o r  low clouds, which on t h e  o t h e r  hand has 

o n l y  a smal l  impact on t h e  r e s u l t s  hecause o f  t h e  s i m i l a r i t y  o f  t h e  respec t -  

i v e  b i d i r e c t i o n a l  func t ions .  Another error source i s  t h e  so-ca l led  ''wrap 

around" e f f e c t  i n  t.he maximum 1 i k e l  ihood method which causes c l  oudi ness 

ove res t ima t ion  over  h o t  l a n d  and coastal scenes. 

P r e l i m i n a r y  es t imates  of t h e  e r ro rs  i n  r a d i a n t  ex i tances  which a r e  due 

t o  scene m i s i d e n t i f i c a t i o n  demonstrates t h e  h i g h  dependency on t h e  p r o b a b i l -  

i t y  mat r ices .  While t h e  longwave e r r o r  can g e n e r a l l y  be neg lec ted  t h e  

shortwave d e v i a t i o n s  have reached maximum values of more than 12 % o f  t h e  

r e s p e c t i v e  exi tances. 

I\ 
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V I I I .  FUTURE RESEARCH REQUIRED 

I t  i s  planned as a con t inua t ion  o f  t h i s  s tudy  t o  develop a n igh t ime  

s c e n e - i d e n t i f i c a t i o n  method f o r  AVHRR da ta  u s i n g  o n l y  t h e  longwave channels 

3 (centered  a t  3.7 p m), 4 (centered a t  11 p m) and 5 (around 12 - m). The 

d i f f e r e n c e  i n  b r i gh tness  temperatures o f  channel 3 and 4 f o r  example enables 

us t o  de tec t  low clouds, fog o r  t h i n  c i r r u s .  T h i s  f e a t u r e  i s  descr ibed and 

used f o r  image process ing  by Eyre e t  a l .  (1984) o r  f o r  r e t r i e v a l  o f  c loud-  

f r e e  p i x e l s  a t  n i g h t  by Saunders (1986). 

I n  o rde r  t o  es t ima te  t h e  t o t a l  p i x e l  e r r o r ,  t h e  u n c e r t a i n t i e s  i n  t h e  

s i g n a l  (msw, miw) ,  t h e  f i l t e r  f a c t o r s  ( C )  and t h e  b i d i r e c t i o n a l  f u n c t i o n s  

(R) must be taken  i n t o  account. These e r r o r  sources propagate i n  t h e  i n v e r -  

s i o n  a l g o r i t h m  i n  a l i n e a r  manner. F u r t h e r  t h e o r e t i c a l  s t u d i e s  a r e  necess- 

ary t o  es t ima te  t h e  var iances of Rsw and R l w .  

e t  a l .  (1984) should be extended t o  t h e  case o f  t h e  expected e r r o r  o f  a 

s p e c i f i c  measurement. 

Also, t h e  a n a l y s i s  o f  Smith 
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TABLE I 

Example o f  one l e v e l  I da ta  s e t  

Model: Subtropic - summer 

a) Range: 0.2 - 3.28 m (Shortwave) 

Spec t ra l  f l u x e s  o f  each scene f o r  a l l  combinat ions o f  

- 37 s p e c t r a l  i n t e r v a l s  

- 16 sun z e n i t h  angles (0,. . . ,72.5") 
- 15 c loud  t o p  h e i g h t s  (1,...,15 km) 

- 12 o p t i c a l  depths (l,...,lOO) 

- c loud - f ree  case 

Surface scenes 

Albedo model v i s i b i l i t y  (km) scene 

ocean 56 ocean 
ocean 23 ocean 
l imestone, l i g h t  s o i l  56 deser t  
d r y  meadow, grass 56 - 1 and 
savannah 56 1 and 
sand 56 deser t  
sand 23 d e s e r t  
wasteland, s u b t r o p i c  l o w  56 1 and 
wasteland, s u b t r o p i c  middle 56 deser t  
wasteland, s u b t r o p i c  high 56 deser t  
waste1 and sub t rop i  c high 23 deser t  

c l  ass i  f i c a t i  on 

b)  4.09 - 400 IJ m (longwave) 

Spect ra l  f l u x e s  f o r  a l l  combinations o f  

- 51 spec t ra l  i n t e r v a l s  

- 9 v iewing  z e n i t h  angles (0,  ..., 80') 

- 15 c loud  t o p  h e i g h t s  (1,...,15 km) 

- 9 o p t i c a l  depths (1, 2, 4, 6, 8, 10, 12.5, 15, 20) a t y  = .55 

- c loud- f ree  case 
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TABLE 11. 

MODEL SCENES 

Model Sur face Cloud C1 oud 
Number Th i cknes s He igh ts  

1 
2 
3 
4 

5-7 
8-10 

11-12 
13-15 
16-18 
19- 20 

Ocean 
Land 
I c e /  snow 
Deser t  
Ocean 
Land 
Ice/snow 
Ocean/ land/desert  
Ice/snow 

cloud f r e e  
cloud f r e e  
c loud f r e e  
cloud f ree  
t h i n  
t h i n  
t h i n  
medium 
medium 
t h i c k  

- - 
- - 

low, middle,  h i g h  
low, middle,  h i g h  
middle,  h i g h  
low, middle,  h i g h  
low, middle,  h i g h  
midd l  e, h i g h  

Model numbers 5-12: low l < h < 3  
middle 4 < h < 8 
h igh  9 < h < 1 5  

13-18: low 2 < h < 4  
middle 5 < h < 9 
h i g h  10 < h < 1 5  

19-20: middle 5 < h < 10 
h igh  11 < h < 1 5  

Cloud th i ckness  Opt ica l  t h i ckness  

t h i n  1 < ~ < 6  

t h i c k  30 < T < 100 
med i um 8 < T < 2 0  

Angular b i n s  , degrees : 

eo: 0-2.5, 2.5-7.5, 7.5-12.5, ..., 67.5-72.5. 

e,: 0-10, ..., 70-80. 

+ : 0-9, 9-30, 30-60, 150-180. 
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Table I11 

Scene matr ices f o r  : 

reg ion  1197 A p r i l  14, 1985 

AVHRR : j=1,2,3,4 scene t ype  f r o m  averaged c loud iness  c 

I1 I I  ERRE : i=1,2,3,4 'I ERRE scene i.d. 

a)  a l l  p i x e l  in tercompar ison : 

A V H R R / j  1 2 3 4 

1 543 353 74 0 
2 177 688 390 25 
3 32 283 803 687 
4 0 1 45 811 

ERBE/i 

b )  more than 50 % o f  a l l  AVHRR scenes cove r ing  one ERBE 

p i x e l  (most ly  c loudy, overcast )  a re  : 

1. t h i n  c louds 2. medium c louds 3. th ick c louds 

A V H R R / j  1 2 3 4 1 2 3 4  1 2 3 4  

1 0 0 1 0  0 0 0 0  0 0 0 0  
2 ii ii i67 25 i i i i  i ii ii ii ii ii 
3 0 0 557 602 0 0 5 7 2  0 0 0 3  

E R N /  i 

4 0 0 22 354 0 0 1 241 o n 2 161 

4. low c louds 5. mid.high c louds 6. h igh  c louds 

AVHRR/j 1 2 3 4 1 2 3 4  1 2 3 4  

1 0 0 1 0  0 0 0 0  0 0 0 0  
2 0 0 123 19 0 0 1 3  4 0 0 3 0  
3 0 0 124 153 0 0 113 246 0 0 104 238 
4 0 0 4 9  0 0  7 8 n  0 0 15 528 

ERBE/ i 
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Tab1 e I V :  Averaged standard dev i  a t i  ons 

C X  3 

p i x e l  -range i n  USW psw plw 
ERRE scan- l ine  (62 p i x e l )  rw/m**2) CXl r4,1 

scene 

12 - 16 (backward s c a t t e r )  
1 

c l e a r  30 - 34 (sub - t r a c k )  
ocean 

47 - 51 ( fo rward  s c a t t e r )  

12 - 16 
2 

p a r t l y  30 - 34 
cloudy 

47 - 51 

12 - 16 
3 

mostly 30 - 34 
cloudy 

47 - 51 

12 - 16 

overcast  30 - 34 
4 

47 - 51 

2.1 

3.2 

3.8 

6.3 

9.0 

9.3 

7.5 

15.7 

16.3 

2.1 

2.9 

3 .o 

2.1 

3.9 

4.3 

4.9 

8.0 

7 .O 

4.1 

12.7 

8.1 

0.5 

0.6 

0.8 

0 .085 

0.092 

0.096 

0.2 

0.2 

0.2 

0.3 

0.4 

0.3 

0.1 

0.2 

0.1 
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1. S p e c t r a l  response o f  ERBE scanni ng r a d i  orneters channel s 
(Smith  e t  a l . ,  1986). 
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8. B i s p e c t r a l  d i s t r i b u t i o n  o f  ERBE measurements aboard NOAA 9 s p a c e c r a f t  
and modeled one-sigma e l l i p s e s  w i t h i n  f o r  a sample case. 
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10. B i s p e c t r a l  d i s t r i b u t i o n  of AVHRR measurements aboard NOAA 9 spacecra f t  
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12. Histogram o f  r a t i o  Channel 2/Channel 1 f o r  AVHRR d a t a  f o r  d i f f e r i n g  
scene types. 
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13. Dependence o f  m a t r i x  moment MM on A/P  and C / D .  
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17. Standard d e v i a t i o n  o f  shortwave r a d i a n t  e x i t a n c e  e r r o r s  due t o  scene 
i d e n t i f i c a t i o n  e r r o r s .  


